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1. INTRODUCTION AND SUMMARY

1.1 OBJECTIVES

The objectives of this program were to determine what influences the sensitivity of
multimode optical fiber to radiation and use this knowledge to develop fiber with improved
radiation resistance. The effort was directed tocward graded index fibers which are
required for higher bandwidth applications. Because of the dopants in the core which are
required to grade the refractive index, these fibers are much more sensitive to radiation-in-

duced loss than the lower bandwidth, step-index, pure-silica-core fibers.

The program was based upon the well established corcept that radiation-induced
absorption for the dose levels under consideration [ £25 krad(Si)] is governed by pre-exist-
ing defects in the glass [1). The induced loss is due to color centers which form when
existing defects trap the electrons and holes generated by ionizing radiation. The empha-
sis was on obtaining a fundamental understanding of the relationship between defects in
the as-drawn fiber and the glass composition and processing conditions. Using this knowl-

edge, fibers with parameters predicted to be favorable were fabricated and tested.

1.2 TECHNICAL APPROACHES

Induced absorption occurs when existing defects in the glass form color centers by
trapping electrons and holes generated by ionizing radiation. The three technical
approaches were based upon the principles of reducing the concentrations of these defects
or mitigating their effect.

I. Defect Reduction

Reducing the concentration of defects in the as-drawn fiber reduces the amount of color
center absorption following irradiation. Common sources of defects are dopants, uninten-
tional impurities, mechanical stress, and thermomechanical stress. ldentifying and control-

ling the major sources of defects accordingly leads to more radiation-resistant fiber.




{l. Defect Passivation

One method to prevent defects in as-drawn fiber from capturing charge carriers and
thereby forming color centers is to transform them into benign defects. The latter are
defined as defects which do not form color centers or which form centers that absorb out-
side the wavelength range of interest. The passivation process is performed on the resi-
dual defects in as-drawn fiber.

Hll. Recombination Centers

Many defects and impurities have localized electronic states located deep within the funda-
mental energy gap of the glass. These serve as recombination centers if the states have
the ability to trap both electrons and holes. Such centers reduce induced foss if they can
compete successfully with other defects for the carriers generated by the radiation.

The program was divided into three phases. In the first or Exploratory Phase all of
the three technical approaches were pursued simultaneously. This phase had a duration of
%15 months. The second or Refinement Phase lasted =10 months during which the activ-
ity focused on only the most promising combination of approaches. The final or Optimiza-
tion Phase involved fine tuning of the successful approaches.

1.3 PROCEDURE

The program involved both an experimental and a theoretical effort. The former con-
sisted of carefully chosen experiments based upon established concepts from the physics
of defects in glasses. The primary experimental tool was the measurement of radiation-in-
duced loss in the fibers. This was done both in situ at RADC at a fixed wavelength (typi-
cally 850 nm), and as postirradiation spectral measurements at GTE Laboratories. More
selective techniques such as Raman scattering, photoluminescence, and photobleaching
were also employed. These methods have proven to be extremely effective at characteriz-
ing defects in fibers. The experimental investigations were supplemented with molecular
dynamic simulations of glasses to determine defect types and concentrations. This
invoived computer generation of glass structures which were then analyzed to identify
defects. The objective of the molecular dynamics simulations was to establish the correla-
tion between structural defects and the dopants that were used either to modify the index
of refraction or to reduce the defect concentrations.




1.4 SUMMARY OF RESULTS

The defect reduction approach was particularly effective in pointing the direction
toward more resistant fiber. Two critical parameters, barrier layer thickness and core
dopants, were identified and correiated with radiation-induced loss. Molecular dynamics
simulations clarified the role of dopants in producing precursor defects. In addition, the
reproducibility with respect to induced loss of both fiber fabrication and measurement was
tested and found to be excellent.

Our data indicated that controlling impurities in the fiber plays a more important role
in determining radiation sensitivity than ccntrolling the intrinsic defects induced by pro-
cessing and fabrication. This was determined through the dependence of induced loss on
barrier layer thickness which retards the diffusion of impurities from the substrate tube into
the core. These conclusions are consistent with the results presented in Interim Report
No. 1 [2] and much of the published literature on the subject. It now appears that the pre-
cursor defects associated with impurities are more important than isolated native defects.
The structure of these defects is not known, but they likely involve complexes of impurities

and native defects.

Related to the impurity problem is the increase in radiation sensitivity produced by
the index modifying dopants required for graded index fiber. The effects of germanium and
fluorine were investigated both experimentally and theoretically. The molecular dynamics
simulations were extremely informative with regard to the identification of precursor
defects and determining their dependence on dopants. The analyses of computer-gener-
ated glasses indicated an increase in defect concentrations as Ge is added to silica which
is observed experimentally as increased radiation sensitivity. It also revealed that fluorine
codoping has a significant effect upon the defect distribution, decreasing the number of
Ge-related defects but increasing the number associated with &i. At present it is not
known whether this leads to a more or less favorable distribution of defects, and the exper-

imental results were similarly ambiguous.

The defect passivation approach also yielded encouraging results. Since hydrogen is
known to react with defects in fibers, the effects of hydrogen treatment on defect passiva-
tion were investigated in detail. Although hydrogen permeation of fiber is generally consid-
ered a problem in normal telecommunications applications, we found that it improved the

radiation resistance for most of the doped core fibers for which it was tried.
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Photoluminescence and photobieaching were found to be extremely effective at
detecting and distinguishing defect centers at very low concentrations. These techniques
were successful at identifying at least two relevant centers and characterizing their concen-
trations as a function of fiber treatment and composition. The additional insight these
investigations provided into the defect conversion process assisted us in correlating spe-
cific centers with radiation-induced loss in the infrared. An interesting resuit was the
detection and photoconversion of defect centers even in untreated, unirradiated fibers. The

presence of these centers in as-drawn fibers may also have implications for chemical and

photodegradation of optical fibers in nonradiation environments.

The recombination center approach yielded mixed results. Techniques for incorpo-
rating Ce into fibers were successfully developed, but the resuitant Ge/Ce-codoped fibers
had poor radiation resistance. Without developing improved doping procedures for higher
purity, lower OH-content fibers, it is not possible to determine whether these results are
due to unintentional impurities or are intrinsic to Ce doping. Because of the difficulties and
uncertainties associated with this approach, it was abandoned after Exploratory Phase in

order to concentrate on the more successful technical approaches.




2. DEFECT REDUCTION APPROACH

The principle underlying the defect reduction approach is to alter the fiber composi-
tion, design, or fabrication procedures in order to minimize the number of precursor
defects in the as-drawn fiber. The most important step in this approach was the identifica-
tion of which of the above parameters significantly influence radiation sensitivity. This
insight was then applied to the production of harder fiber which was tested and further

improved in an iterative cycle.

This technical approach was particularly effective in pointing the direction toward
more resistant fiber. Two critical parameters, barrier fayer thickness and core dopants,
were identified and correlated with radiation-induced loss. However, for any of these
investigations to be meaningful, the result must be reproducible. Accordingly, the reprodu-
cibility with respect to induced loss of both fiber fabrication and measurement were tested
and found to be excellent.

Motlecular dynamics simulations were exploited to identify precursor defects and
determine their dependence on dopants. This theoretical technique uses the analysis of
computer-generated glasses to locate and describe structural defects. The results were
very encouraging and it was possible to characterize the increase in defect concentrations
as Ge is added to silica. The analysis also indicates that fluorine codoping has a signifi-
cant effect upon the defect distribution, decreasing the number of Ge-related defects but

increasing the number associated with Si.

Our measurements indicated that controlling impurities in the fiber plays a more
important role in determining radiation sensitivity than controlling the intrinsic defects
induced by processing. These conclusions are consistent with the results presented in
interim Report No. 1 {2] and much of the published literature on the subject. It now
appears that precursor defects associated with impurities are more important than native
defects introduced by processing and fabrication. The structure of these defects is not
known, but they likely involve complexes of impurities and native defects. It is not
presently known whether this class of defects is more important because they occur in
greater numbers, or have a greater propensity to form color centers, or have a more dele-

terious location of their absorption bands.




Related to the impurity problem is the increase in radiation sensitivity produced by
the index modifying dopants required for graded index fiber. The effects of germanium and
fluorine were investigated both experimentally and theoretically through molecular dynam-
ics simulations. Both approaches showed the expected increase in sensitivity with
increase in germanium concentration. Moreover, both also gave ambiguous results on the
role played by fluorine.

2.1 INVESTIGATIONS OF PROCESS AND DOPING RELATED DEFECTS
2.1.1 Reproducibility of Fiber Drawing and Loss Measurements

In order to examine the consistency of the fiber drawing conditions, irradiation, and
loss measurements with respect to radiation-induced loss, additional fibers were drawn
from existing preforms and tested. These fibers were then y-irradiated at RADC to a nomi-
nal dose of 20 krad, and the induced losses were compared to those obtained for fibers
which had earlier been drawn from the same preforms under identical conditions. The
induced loss results are compared at 850, 1000, and 1300 nm in Table 1. In the fiber desig-
nation column, the number 1 or 2 indicates the first or second fiber drawing, respectively.
The induced losses for two fibers drawn from the same preform are nearly identical except
at 1300 nm where the values are too low for accurate measurements,

Previous experiments had established that, within the range investigated, drawing
conditions have a relatively minor effect upon radiation hardness [2]. Taken together,
these results indicated that preform composition is an important factor influencing radiation
sensitivity. Indeed, the induced loss at a given wavelength is virtually the same for all the
Ge/F-codoped fibers (HA, LA, and HD). If the results for the three fibers are averaged, one
obtains 1.49 + 0.04 dB/km/krad at 850 nm, 0.33 * 0.04 dB/km/krad at 1000 nm, and
0.06 + 0.04 dB/km/krad at 1300 nm. Note that the low dopant fibers (LD) have lower sensi-
tivities at the shorter wavelengths but are identical to the Ge/F-codoped fibers at 1300 nm.
The effects of fiber compositions are specifically addressed in Section 2.1.3.
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TABLE 1

REPRODUCIBILITY OF RADIATION-INDUCED LOSS MEASUREMENTS

Fiber Radiation-induced Loss (dB/km/krad)
Designation 850 nm 1000 nm 1300 nm
HA-1 1.55 0.30 0.03
HA-2 1.43 0.34 0.12
LA-1 1.51 0.39 0.11
LA-2 1.49 0.29 0.03
HD-1 1.50 0.34 0.05
HD-2 1.48 0.29 0.01
LD-1 1.03 0.24 0.07
LD-2 1.01 0.23 0.06

2.1.2 Barrier Layer Thickness

During the Exploratory Phase we had observed a consistent improvement in radiation
hardness of our fibers over the course of time. This favorable but unintentional trend
caused us some concern about the reproducibility of the preform fabrication process. One
possible explanation was that this was due to a progressive cleanup of the preform fabrica-
tion system. If this were an uncontrollable situation or one characterized by “hidden”
parameters, it would have serious implications for consistency in fiber production. To test
this hypothesis, the composition of the first Ge/F-codoped preform used in the study of

- drawing parameters was duplicated to determine if the radiation sensitivity could be repro-
duced. Fiber from the duplicate preform (#860924) was found to have the same radiation-
induced loss as that of the original fiber (#851028A). This finding eliminated “cleanup” as
the cause of the improvement and verified the consistency of the preform fabrication pro-

cess.




TABLE 2

EFFECT OF BARRIER LAYER THICKNESS ON RADIATION-INDUCED LOSS

Fiber # Barrier Radiation-Induced Loss (dB/km/krad)
Designation Passes 850 nm 1000 nm 1300 nm
851028A 10 1.97 0.40 0.06
860924 10 2.10 0.35 0.04
HD 20 1.49 0.32 0.03
MD 20 1.13 0.25 0.04

After tracing the evolution of the fabrication parameters, we concluded that the radia-
tion hardness correlates well with the barrier layer thickness. Table 2 compares the
induced loss for fibers with 10 and 20 barrier passes deposited on the inside of the GE
Type 982WG fused quartz substrate tube conventionally used in the MCVD process. It is
proposed that defect centers responsible for the induced loss are associated with impuri-
ties, e.g., alkali ions, which diffuse into the core from the low-purity substrate tube. The
impurities must diffuse through the high-purity barrier layer whose thickness is roughly
proportional to the number of barrier deposition passes. - There is evidence in the literature
which suggests that alkali and aluminum ions can diffuse into the fiber core from the sub-
strate tube during the fabrication process [3,4]. Impurities introduced in this way have
been shown to increase the radiation sensitivity of Ge-doped fibers [3]). Alkali ions are
known to enter the network interstices and generate nonbridging oxygens for charge com-
pensation. Although Figure 1 indicates that a significant reduction in induced loss can be
obtained by increasing the barrier thickness, the practical limit for such improvement is not
known. In order to determine the asymptotic limit for improving hardness by increasing
the barrier thickness, we fabricated a preform using a Suprasil substrate tube which has a
very low impurity level. To ascertain a practical barrier layer thickness, two other preforms
with five and 20 barrier passes were prepared using GE Type 982 WG substrate tubes. The
irradiation and measurement of these fibers are still underway, and the results will be pre-
sented at a later date.
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Figure 1: Radiation-induced loss as a function of the number of barrier passes on a fused

quartz substrate tube. Losses were measured at 850 and 1000 nm.

2.1.3 Dopant Effects

The preceding discussion of the role played by impurities has a direct bearing on
intentional dopants since the latter are expected to produce similar effects. This is well
illustrated by phosphorus doping which has an extremely deleterious effect upon long term
loss even at long wavelengths. Although phosphorus will substitute for Si in the network,
its higher valence must be compensated for by nonbridging oxygens. Since an index modi-
fying dopant is essential to graded index fiber, we have addressed the question of how
dopant types and concentrations affect radiation sensitivity. Germanium and fluorine were
the dopants included in this investigation. We were particularly interested in studying fluo-
rine as a core dopant because of the controversy surrounding its effects. Gozen et al. have
observed higher losses for Ge/F-codoped fiber than Ge-doped fiber [5), while Shibata and
Nakahara have reported that codoping with fluorine improves radiation resistance [6].
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TABLE 3

EFFECTS OF DOPANT TYPES AND CONCENTRATIONS ON
RADIATION-INDUCED LOSS

Fiber CoreGe CoreF Clad F Radiation-Induced Loss (dB/km/krad)

Design (mole%) (mole%) (mole%) 850 nm 1000 nm 1300 nm
HD 7.6 2.1 2.1 1.49 0.32 0.03
MD 6.5 0.9 2.1 1.13 0.25 0.04
LD 6.7 0 0 1.02 0.24 0.07

861117 7.1 0 0 1.49 0.29 0.06

As part of this investigation, we fabricated four preforms with different Ge and F con-
centrations in the core, including two without fluorine. Table 3 lists the core and clad
dopant concentrations as well as the radiation-induced loss data for these fibers. The
results are also illustrated in Figure 2 which indicates the expected trend of increasing
induced loss with increasing Ge concentration in the core. However, the trend with F dop-
ing is less clear and it is not known if the variations shown are significant or fall within the
range of experimental uncertainty. To clarify the role of fluorine doping in radiation sensi-
tivity, additional experiments with different values of concentrations for the two dopants
should be conducted.

2.2 MOLECULAR DYNAMICS SIMULATION
2.2.1 Generation of Glass Configurations

Doped silica is significantly more sensitive to radiation than pure silica, implying that
doped silica contains higher concentrations of deleterious precursor defects. Although
there has been some experimental and theoretical success at identifying these defects, the
description remains incomplete and largely unquantitative. In particular, the experimental

techniques measure only average properties and defect structures must be largely

10
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Figure 2: Radiation-induced loss as a function of the Ge concentration of the fiber core.
Losses were measured at 850 and 1000 nm. Empty symbols are fibers doped only with Ge
in the core, filled symbols are fibers codoped with both Ge and F in the core.

inferred. To obtain a more complete inventory of the types and concentrations of structural
defects which result from the incorporation of standard index modifying dopants, we have
analyzed computer-generated glasses produced using molecular dynamics. It is expected
that among these structural defects are those which, when irradiated, will form color cen-
ters absorbing at wavelengths of importance. Molecular dynamics generates a glass by
calculating the pairwise interionic forces of a large array of ions. The net force on each ion
is then used to determine its velocity and position slightly later in time. The new positions
are in turn used to recalculate the interionic forces. This process is iterated until an equili-
brated structure (i.e., one whose average properties no longer change with time) is
reached. The equilibration temperature is 6000 K which gives the ions considerable mobil-

ity and results in thorough mixing in a very short period of time. After equilibration, the
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glass is cooled to room temperature by removing kinetic energy in several steps, i.e. slow-
ing the ions.

The primary shortcoming of a molecular dynamics simulation in this application is its
inability to treat the electrons in the system. The constituents are necessarily assumed to
be ions and consequently covalent bonds cannot be reproduced. This leads to a degree of
arbitrariness in the definition of a bond. Moreover, certain covalent defects such as Si— Si
bonds and peroxyl bridges (—O—O—) are not expected to be accurately predicted. A
lesser problem is that the high temperature (6000 K) from which the glass is quenched is
expected to overestimate the defect concentration. This difficulty is addressed by cooling
the glass in steps to several intermediate temperatures at which it is allowed to further
equilibrate. Overall, molecular dynamics simulations have been shown to accurately repro-
duce experimentally verifiable features of the glass structure such as radial distribution
functions. The general trends in defect types and concentrations, as well as the structure

of many specific defects, are expected to be accurately represented.

The program used to generate the glasses requires empirical parameters which char-
acterize the interionic forces for each of the species. These parameters are chosen by
adjusting their values until the average interionic distances agree with experimental val-
ues. The array is limited to 180 ions to make the computational problem tractable.
Because of the small sample size, accurate statistics are obtained using multiple configura-
tions of the same basic cell. After the glass has equilibrated, it is quenched to room temp-
erature to form the first configuration. The glass is then allowed to further evolve at room
temperature. After a specified number of steps the structure of the glass is saved as
another configuration. For the pure Si02 and Ge02. two quenches separated by 2 ps at
high temperature were performed. Each of the quenches was used to generate 500 room
temperature configurations. For glasses with only one type of dopant ion, 10 cooling runs
were done and 100 room temperature configurations from each were saved, again for a
total of 1000. In glasses with two types of dopants, 14 quenches were performed and 100
room temperature configurations saved for each, for a total of 1400 configurations to be
analyzed. The location of each ion in each configuration was saved and separate computer
programs were used to analyze the structure.

The analysis programs calculate the radial distribution function (RDF) of each type of
ion pair, the probability of various types of bonds and nearest neighbors, and the distribu-
tion of intra- and inter-tetrahedral bond angles. The RDF is the average number of ions per
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unit volume of a particular type as a function of distance from a specified kind of iun. A
classification scheme for normal and abnormal bonds was defined and is explained below.
An intra-tetrahedral angle is the angle between the vectors from a cation to any two anions
of the same tetrahedron. Inter-tetrahedral angles are formed by the intersection of the vec-
tors from an anion shared by two tetrahedra and the cations at the center of those tetrahe-
dra. Additional conditions may be applied in the above analyses, for example, to differenti-

ate ions near a dopant ion from those which have no dopant ion within a given distance.

Five glass compositions were generated and analyzed. They are pure SiQ,, pure
GeO,, Si02 doped with 10 mole% GeO, (G6S54), Si0, doped with 10 mole% GeO, and 5
anion% fluorine (F6G6), and SiO, doped with 5 anion% fluorine (SiF6). The compositions
of the five glasses on an ionic basis are shown in Table 4.

TABLE 4
COMPOSITIONS OF GLASSES ON AN IONIC BASIS

Number of lons

Glass
Si Ge o) F
Si0, 60 0 120 0
GeO, 0 60 120 0
Ge-doped (G6S54) 54 6 120 0
F-doped (SiF6) 59 0 115 6
Ge/F-doped (FBG6) 53 6 115 6

2.2.2 Radial Distribution Functions

In considering the variety of structural unit possible in glasses, it was recognized that
the definition of "bond length” or “broken bond” using an ionic potential is arbitrary. There-
fore, on the basis of the RDFs we have defined “normal bonds” ( — ), “stretched bonds”
(--), and "no bonds” as shown in Table 5. The same definitions are applied to all glass

compositions.
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TABLE §
DEFINITIONS OF NORMAL AND STRETCHED BONDS

Bond Type Bond Length (nm)
Normal Stretched No Bond
Si—0 0.140—-0.173 0.173-0.200 >0.200
Ge-0 0.160—10.189 0.189-0.209 >0.209
Si—F 0.145—0.163 0.163—-0.191 >0.191
Ge—F 0.160—0.183 0.187 — 0.209 >0.209

The Si—O RDFs for the analyzed Si-containing glasses are shown in Figure 3. The
average Si— O bond length is longer in the doped glasses than in pure silica. The unres-
tricted Si—O RDFs (i.e., for all Si ions) for the Ge-doped and the Ge/F doped glasses are
virtually identical, and only the latter is shown. For the doped glasses there are, however,
restricted RDFs (i.e., subject to some condition) that are radically different. This is illus-
trated in Figure 3 for the Ge/F doped glass: the Si— O RDF calculated subject to the condi-
tion that the Si ions have a normal bond to a fluorine is compared to that for Si ions with a
stretched bond to a fluorine. The most probable Si— O bond length for Si ions that also
form normal Si—F bonds is the same as that of pure Si02. However, these Si ions form
fewer longer than average Si—O bonds than pure SiO,, indicating that Si03F tetrahedra
are tightly bound. This is not surprising since this complex has excess positive charge and
less repulsion among the anions. The Si—O RDF for Si ions that form stretched Si—F
bonds shows a wide distribution of bond lengths, indicating a variety of Si coordinations.

The distribution of structural units formed by Si will be described below.

Figure 4 compares the unrestricted Si— O RDF for pure silica to those of the doped
glasses calculated subject to the restrictions that the O iaon be normally bonded to Ge and
that O not be bonded to Ge. When an oxygen ion forms a bridge between Si and Ge, both
the Si— O bond and the Ge— O bond are compressed relative to their unrestricted most
probable lengths in the Ge-doped glass and pure germania, respectively. This is because
of the large size of the Ge ion compared to Si. However, the repulsion factor in the poten-
tial is such a strong a function of separation [ a exp(—r/.029) ] that the Si— O distance can-
not be compressed to significantly less than that observed in pure silica. For the Ge-doped

glass, the average Si—O distance for oxygens that are not bonded to Ge actually
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Figure 3: Si-— O radial distribution functions for pure silica and Ge/F-codoped silica. The

unrestricted RDF for Ge-doped silica is indistinguishable from that of the codoped glass.

increases. This is reflected in an increase in the fraction of stretched Si— O bonds, but not

in the fraction of non-bridging oxygens (NBOs), which is zero in the doped glasses.

Examining the Ge — O RDF (Figure 5), the most probable Ge — O distance is smaller in
the doped glass than in pure Ge02. This agrees very well with EXAFS and x-ray scattering
measurements of the Ge— 0O distance in Ge02-doped Si02 [7). The Ge—0O bond is
expected to be compressed toward the value of the Si — O bond in the smaller silica matrix.
However, the distribution shows no Ge — O bonds shorter than that observed in pure GeO,,
reflecting the exponential dependence on distance of the repulsion factor. The RDFs of

both Ge02 and Ge-doped Si02 have a significant density of oxygens at a distance greater
than 0.19 nm from Ge. These are too long to be considered normal bonds.

15




40

.

@
(=
T

Ge-Doped, O not Bonded to Ge

Pure Silica

N
(~]
T

Ge-Doped, O with Normal Bond to Ge

IONS/VOLUME (nm ~3)

-
@

A gl ]

0.15 0.16 0.17 0.18 0.19 0.20
RADIUS (nm)

Figure 4: The unrestricted Si— O radial distribution function for pure silica compared to

those of the Ge-doped glass calculated subject to the restrictions that the O ion be nor-
mally bonded to Ge and that O not be bonded to Ge. See Table 5 for bond length defini-

tions.

When fluorine is added to the Ge-doped glass {composition F6G6), the long distance
tail of the Ge — O RDF disappears, even though the Ge —O bond distance for Ge ions aiso
bonded to F is greater than the average bond length for all Ge ions in any of the Ge-con-
taining glasses (Figure 5). The Ge —F RDF itself is quite interesting (Figure 6), showing
two distinct classes of Ge—F bonds. By examining the nearest neighbors for Ge ions in
each class of Ge—F bonds, it was found that the fluorine ions that form a normal bond
(Table 5) with Ge are terminal or nonbridging F ions. Fluorine ions that form a stretched
bond with Ge are bridging and form a Ge - - F—Si unit. The Ge— O RDFs for Ge ions in
either Ge~F class are identical (Figure 5) because they are largely the same Ge ions.

Nearly 90% of the Ge ions bonded to one or more F ions are, in fact, bonded to two fiuo-
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Figure 5: Unrestricted Ge — O radial distribution function for pure germania compared to

those of the Ge-containing glasses.

rines through one normal and one stretched bond (F—Ge - - F). An additional 7% have
normal bonds to two fiuorines, leaving only 3% bonded to a single F ion. Overall, 16.66%
of all Ge ions are bonded to one or more F ions, and 16.18% are bonded to two F ions.
This indicates a high affinity between Ge and F since only 1.16% of the Ge ions would be
bonded to two fluorines if the Ge and F ions were randomly distributed throughout the net-
work. All Ge ions that form at least one Ge — F bond are also bonded to three oxygens and
all Ge ions that are not bonded to any F ions (83.3% of the Ge ions) are bonded through
normal bonds to four oxygen ions. Therefore, approximately 84% of the Ge ions are
4-coordinated and 16% of the Ge ions are 5-coordinated with two of the neighbors being F

ions.
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Figure 6: Si—F and Ge —~ F radial distribution functions for Ge/F-codoped silica.

The effect of fluorine on the Si coordination in the codoped glass is even more com-
plicated. Ten different types of Si structural units were found in significant amounts.
These are illustrated in Figure 7 along with the fraction of Si ions found in each category.
The analysis indicates that 93.09% of the Si ions are 4-coordinated, some including one F
ion; 6.82% of the Si ions are 5-coordinated, again with some including one F ion; and
0.09% of the Si ions are only 3-coordinated. The latter complexes may be precursors to E’
centers which would form if a 3-coordinated Si trapped an electron at the site of the "miss-
ing” oxygen. The 5-coordinated silicons may be the simulation’s attempt to produce the

peroxyl bridge which cannot actually be generated by a calculation using ionic potentials.
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2.2.3 Anion Environments

The coordination of the anions was examined in detail for the four analyzed glasses.
The fraction of oxygens or fluorines forming each observed structural unit is shown in
Tables 6 and 7. Even in pure Si0, a number of defects are observed, including stretched
bonds, 3-coordinated oxygens, and NBOs. The latter are precursors to the nonbridging
oxygen hole center which forms when the NBO traps a hole. The 3-coordinated and
1-coordinated oxygens may represent an ionic approximation to valence alternation pairs.
Pure Ge02 has a significantly larger fraction of abnormal and missing bonds than either
SiO, or the doped glasses. This implies that the GeO, complex itself has more defects
than the SiO, complex, and the observed radiation sensitivity may not be merely a conse-

quence of mixing but intrinsic to Ge-containing glasses.

These defects are more complicated than just non-bridging oxygens, for the fraction
of NBOs in GeO, is actually less than in pure SiO,, and none at all are found in the simula-
tions of the doped glasses. The fraction of oxygens that form one normal and one
stretched bond is comparable in the two pure glasses and is somewhat decreased in the
doped glasses. The fraction of oxygens which form two stretched bonds is small in all
glasses. The most significant difference in defect structure among the glasses is found in
the total number of 3-coordinated oxygens. In pure SiOz, only 1.03% of the oxygens are in
3-fold coordination, while for pure Ge02 the number is 5.48%. In the doped glasses, with
only 10 mole% Ge02, the fraction of oxygens in 3-fold coordination is more than twice as
great as in pure SiO, (2.22% in G6S54 and 2.28% in F6G6). Viewing the glass as corner-
connected SiOy or GeOy, tetrahedra, one concludes that at least two stretched Si—O bonds
or at least one stretched Ge — O bond is needed to form a 3-coordinated oxygen. Garofalini
has reported finding 3-coordinated oxygens in a molecular dynamics simulation of pure sil-
ica, and he also observed that these are associated with stretched Si—O bonds [8]. A
3-coordinated oxygen cannot be shared by three regular tetrahedra; they must be distorted.
For the codoped glass (F6G6), the addition of fluorine eliminates 3-coordinated oxygens
bonded to Ge (Table 7), as well as all stretched Ge — O bonds. The latter is reflected in the
Ge— 0O RDF in Figure 5. However, the total number of 3-coordinated oxygens does not
decrease significantly because of an increase in the number of oxygens coordinated by
three silicons (Table 7). The effect of fluorine doping on radiation sensitivity is complex: it
alters the types but not the total numbers of 3-coordinated oxygens. This ambiguity is

reflected in the experimental measurements of radiation-induced loss.
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FRACTIONS OF 1- AND

TABLE 6

2-COORDINATED OXYGENS

Coordination $102 GeO2 G6S54 F6G6
Si-0 0.0042 0 0 0
Ge-0O 0 0.0019 0 0
Si-0-Si 0.9342 0 0.7808 0.7702
Ge-0-Ge 0 0.8912 0.0186 0.0261
Si-0-Ge 0 0 0.1394 0.1478
Si-0--Si 0.0489 0 0.0282 0.0322
Si-0--Ge 0 0 0.0077 0
Ge-0--Ge 0 0.0513 0.0005 0
Ge-0O--Si 0 0 0.0001 0
Si-~0-~-8Si 0.0012 0 0.0017 0.0008
Si-~0--Ge 0 0 0.001 0
Ge--0--Ge 0 0.0001 0 0
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FRACTIONS OF 3-COORDINATED OXYGENS

TABLE 7

~Ge

Coordination Si02 GeO2 G6S54 F6G6
_ Ge
Ge-0 _ 0 0.0092 0.0010 0
~Ge
_-Si
SiI-0 e 0.0049 0 0.0045 0.0090
_-Ge
Si-0 . 0 0 0.0027 0
~Ge
-Ge
Ge-0_ 0 0.0385 0.0044 0
~Ge
-Si
Si--0Z ‘-5 | 0.0064 0 0.0082 0.0138
_-Si
_-Ge
Ge--0. 0 0.0071 0.0040 0
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When the rluorine coordination was examined, eight varieties of fluorine-contalning
structural units were found. There are no bridging fluorine ions with two normal bonds; nor
are there any 3-coordinated fluorine ions. Although only 10% of the cations are Ge, 25% of

the Cation — F bonds are formed with Ge. Thus there is a preference for F to bond with Ge.

2.2.4 Intra-tetrahedral Bond Angles

The intra-tetrahedral bond angles were calculated using the actual Cation—O and
O - O distances for the ions forming a tetrahedron. The distributions were determined by
calculating the bond angles for all the cations in all the glass configurations. Since the
potential does not include any 3-body interactions or directional forces, the results are
dominated by packing considerations and the ionic repulsion term. Given these limitations,
the distribution of angles is not expected to be quantitative for a covalent material, but
rather to provide an indication of what is possible in the real glasses. The unrestricted
O —Si—0 bond angle distributions are shown for the three silica glasses in Figure 8. The
distributions are very broad, from 85 to 150 degrees, with maxima ranging from 103 to
110 degrees, and little sensitivity to composition.  This shows that the SiO,4 tetrahedral
angles are, in general, well defined. However, if we focus on the O—Si— O bond angles
formed by Si ions that are also bonded to F through a stretched Si— F bond (Figure 9J, the
distributions change dramatically. The structural units inciuded in this distribution are both
4- and 5-coordinated, as depicted in Figure 7. Thus fluorine has thoroughly distorted some
of the tetrahedra.

If we compare the O—Ge—~0O bond angle distributions in the three Ge-containing
glasses for normal Ge — O bonds (Figure 10}, we find that there is a strong dependence on
composition and the distribution in the doped glasses is more irregular than in pure GeO2.
Thus the Ge-doped glass is not just a mixture of GeO, and SiO, tetrahedra, but the GeOy
tetrahedra are distorted by their surroundings in the SiO, network. When only Ge ions that
form Ge —F bonds are examined (Figure 11), the distributions are considerably narrower
and two sharp peaks are found. In most of these structural units, the Ge ions are
5-coordinated and the stretched Ge —~O bonds have been eliminated. Assuming a Ge— 0
distance of 0.174 nm, the peak at 88 degrees corresponds to an O — O distance of 0.242 nm

and the peak at 152 degrees corresponds to an O — O distance of 0.341 nm.
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Figure 8: Comparison of the unrestricted O —Si— O bond angle distributions for pure, Ge-
doped, and Ge/F-codoped silica.
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Figure 9: The O—Si— O bond angle distributions for Si ions in the Ge/F-codoped silica that
are also bonded to F through a stretched Si~F bond. Curves are for different categories of

Si— O bonds. See Table 5 for bond length definitions.

25




PROBABILITY

1

0.04

T

0.03

T

0.02

0.01

80 100 120 140 160
BOND ANGLE (DEGREES)

Figure 10: Comparison of O — Ge — O bond angle distributions for pure germania, Ge-doped
silica, and Ge/F-codoped silica subject to the restriction of normal Ge—O bonds. See
Table 5 for bond length definitions.
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3. DEFECT PASSIVATION APPROACH

The concept underlying the defect passivation approach is that of converting the resi-
dual deleterious precursor defects in as-drawn fiber into more benign defects. The latter
are defects which, when irradiated, do not form color centers with significant absorption in
the spectral region of interest. Since hydrogen is known to react with defects in fibers, the
effects of hydrogen treatment on defect passivation were investigated in detail. Ailthough
hydrogen permeation of fiber is generally considered a problem in normal telecommunica-
tions applications, we found that it improved the radiation resistance of mast of the doped-
core fibers for which it was tried.

in conjunction with this technical approach we undertook a series of photolumines-
cence, Raman scattering, and photoconversion/photobleaching investigations. These tech-
niques are extremely effective at detecting and distinguishing defect centers at very low
concentrations. The investigations were successful at identifying at least two relevant cen-
ters and characterizing their concentrations as a function of fiber treatment and composi-
tion. An interesting result was the detection and photoconversion of defect centers in even
untreated, unirradiated fibers. The presence of these centers in as-drawn fibers may also

have implications for chemical and photodegradation of optical fibers.

3.1 HYDROGEN TREATMENT

The effectiveness of the defect passivation approach in reducing radiation-induced
loss for Ge/P-codoped fibers through the use of hydrogen treatment had been previously
demonstrated (see Section 2.1 of interim Report No. 1 [2] and Appendices A and B) [9,10].
It was found that a fiber pretreated with hydrogen had only half the induced loss at 1 uym as
that of an untreated fiber. To evaluate the effectiveness of hydrogen treatment for fibers
with greater radiation resistance, two Ge/F-codoped fibers from the core-clad interfacial
stress study were chosen. Details on the design and fabrication of these fibers (designated
HA and LA) are found in Section 3.3 of Interim Report No. 1 [2]. Sections of fibers HA and
LA were treated in 4 atm hydrogen at 50°C for 10 days. Afterwards the fibers were left in

air at room temperature until the unreacted hydrogen diffused out, and then irradiated to a
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total dose of 18 krad. Table 8 summarizes the induced loss results for fibers with anu with-
out hydrogen treatment. The treated fibers show a 14% improvement in radiation resis-
tance at 850 nm over untreated fibers. However, for the hardest fiber (fiber LD) no

improvement was observed.

TABLE 8

RADIATION-INDUCED LOSS FOR HYDROGEN TREATED
AND UNTREATED FIBERS

Fiber Hydrogen Radiation-induced Loss (dB/km/krad)
Designation Treatment 850 nm 1000 nm 1300 nm
HA No 1.49 0.32 0.08
HA Yes 1.28 0.33 0.08
LA No 1.50 0.34 0.07
LA Yes 1.29 0.30 0.04

On the basis of these results we conclude that the defect passivation approach yields
significant improvement in radiation resistance even for relatively hard doped-core fibers.
The very hardest fibers, however, benefit little from hydrogen treatment. Problems with
increased hydroxyl absorption can be eliminated through the use of deuterium rather than
hydrogen. However, we have observed that the hydrogen treatment of high purity, low-de-
fect-level fiber results in very little increase in hydroxyl concentration and the use of deu-
terium may not be necessary. This variability in the degree to which hydrogen reacts to
form hydroxyl groups in fibers is an important issue in its own right, and might be exploited

as a means to measure defect concentrations.
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3.2 PHOTOLUMINESCENCE AND PHOTOBLEACHING

Radiation-induced loss measurements, which were the primary characterization tool
used in this program, are generally not selective enough to identify the specific centers
which are responsible for the absorption. In addition, analysis of glasses generated by
molecular dynamics simulation reveals defects which occur at too low a concentration to
be detected by the standard structural analysis techniques such as x-ray diffraction, EXAFS,
and neutron diffraction. In order to obtain the required sensitivity and selectivity, we have
turned to Raman scattering and photoluminescence in fibers. These techniques were aug-
mented by photobleaching, a process which involves the photoconversion of one type of
defect into another. This selective approach was used to identify specific color centers and
precursor defects, as well as to correlate their concentrations with preform composition
and fiber processing. Photoluminescence was found to be a very sensitive probe of defect
centers. Significant differences were found for the same fiber subjected to different treat-

ments and for different fiber compositions subjected to the same treatment.

3.24 Procedure

The general procedure was to first examine the color center luminescence excited
for a range of laser wavelengths, )‘ex' These measurements were performed at low power
to minimize photobleaching. The fibers were then subjected to an intense photobleach
using a wavelength in the range 470 —490 nm, and the photoluminescence spectra remea-
sured to determine the changes in defect center concentrations. To make absolute com-
parisons of the intensities, the emission spectra were scaled by equalizing the intensities
of the Raman scattering for the different fibers. In the analyses reported here, Si—O vibra-

tional lines were used for this normalization.

The photoluminescence investigation was applied to Ge/P- and Ge/F-codoped fibers.
The results for the Ge/P-codoped fibers were included in Section 3.2 of Interim Report
No. 1 [2]. These observations will be reviewed and a more recent study of the Ge/f-co-
doped fibers will be presented along with a comparison of the results for the two fiber com-

positions.
The three Ge/P-codoped fibers were drawn from the same preform. The samples
were short (<3 m) sections taken from the fibers discussed in Section 2.1 of Interim Report

No. 1. These were (1) a pristine as-drawn fiber, (2) a fiber which was irradiated to 4.6 krad
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without pretreatment, and (3) a fiber which was hydrogen treated and then irradiated to
4.5 krad. The hydrogen treatment was at 0.86 atm and 65°C for 7 days. Sections of Ge/F-
codoped fiber LA from the investigation of core/clad interfacial stress discussed in Sec-
tion 3.3 of Interim Report No. 1 were used. Four samples were examined: (1) a pristine,
as-drawn fiber, (2) a fiber irradiated to a dose of 20 krad without hydrogen treatment, (3) a
hydrogen treated but unirradiated fiber, and (4) a hydrogen treated fiber irradiated to a
dose of 17 krad. The hydrogen treatment was at 4 atm and 50°C for 10 days.

3.2.2 Photoluminescence Results

Regardless of history, both fiber compositions exhibit luminescence from at least two
distinct centers. The first is an emission band at 650 nm which is generally believed to be
associated with an absorption band at 630 nm. In the literature this center is reported to
be caused by fiber drawing and irradiation {11,12,14]. It has been variously attributed to
the nonbridging oxygen hole center (NBOHC) {13] or coexisting NBOHCs and nonparamag-
netic electron traps [14]. The second center has a much broader emission band which
peaks at ®680 nm when excited by wavelengths Aoy <530 nm. This center was discussed
in Interim Report No. 1 [2] and recently reported on by Wei et al. [10]. Although we have
not measured its absorption spectrum, from the dependence of the emission intensity on

A
ex
luminescence band at 670-680 nm has also been reported for Ge-doped silica [15] and

we surmise that it has at least one broad absorption band which peaks <470 nm. A

hydrogen treated Ge-doped and Ge/P-codoped fibers [16]. These bands are most likely

due to the same center that we observe. The differences in shape, position, excitation

spectrum, and photobleaching characteristics between the 650 nm and 680 nm lumines-
cence bands unequivocally establishes that they are different centers. Since very few
research groups have recognized that two distinct centers emit at almost the same wave-
length in this spectral region, one must be cautious in interpreting the literature on the
subject of the "1.9 eV (650 nm) center.” The extreme breadth of the luminescence from the
680 nm center as well as the large Stokes shift (i.e., the difference in energy between the
peaks of the absorption and emission bands) indicate that the electronic states of the
responsible center are more strongly coupled to the lattice than those of the 650 nm cen-
ter. This implies that the electronic transitions are accompanied by large structural relax-
ations of the complex. Although a third emission band at ®720 nm is observed for Ge/F-
codoped fiber, we find some evidence that this may be a perturbed 680 nm center rather

than a distinct center.
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Figure 12: Comparison of luminescence spectrum prior to photobleaching for Ge/P-co-
doped fibers, Aex=568 nm. The sharp structure at left is Raman scattering which was

used to provide an absolute comparison of intensities.

Figure 12 compares the luminescence band at 650 nm for the three Ge/P-codoped
fibers before they were subjected to photobleaching. Luminescence is not detectable for
the pristine fiber but is prominent for the irradiated fibers, being even more intense for the
fiber that had been hydrogen treated before irradiation. Since the latter fiber also exhibited
lower losses at wavelengths > 0.8 um, this inverse relationship to radiation-induced loss
implies that this defect does not significantly contribute to the induced long wavelength
loss in these fibers. Moreover, it appears that hydrogen treatment can convert defects that
will result in long wavelength losses when irradiated into the more benign defects respon-

sible for this luminescent center. Figure 13 shows the corresponding comparison of the
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Figure 13: Comparison of luminescence spectrum prior to photobleaching for Ge/F-co-
doped fibers, A,, =568 nm. Sharp structure at left is Raman scattering which was used to

provide an absolute comparison of intensities.

Ge/F-codoped fibers prior to photobleaching. The emission spectrum is now dominated by
a very broad band peaking at ®720 nm. Only for the irradiated fibers is there a slight
shoulder at 650 nm indicating the presence of the 650 nm band. It is apparent from Fig-
ure 13 that irradiation increases the number of 720 nm centers, although the effect is less
pronounced if the fiber has been pretreated with hydrogen. in addition, the increase is
greater on the short wavelength side of the band. This is probably due to production of the
650 nm center, which, as for the Ge/P fiber, is greater if the fiber has been hydrogen
treated. Note also that hydrogen treatment appears to suppress the formation of the

720 nm center, there being fewer of them even in the irradiated treated fiber than in the
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as-drawn fiber. As with the 650 nm center, there is no apparent correlation between the

720 nm center and the induced long wavelength loss.

In general, changing Aex will excite a different set of color centers with a different
emission spectrum. The 650 nm band observed for the Ge/P fibers is replaced by one
peaking at =680 nm for excitation wavelengths <530 nm. This band is illustrated in Fig-
ure 14 which compares the emission for the three fibers with Aex=482 nm. The fibers
maintain the same hierarchy of intensities when excited at this wavelength, but the
luminescence is considerably stronger with even the as-drawn fiber showing intense emis-
sion. The 680 nm band is also observed for the Ge/F fibers using the same excitation
wavelengths. Figure 15 compares the emission of the four Ge/F fibers for A,, =476 nm.
The ordering of intensities is slightly different from that of the Ge/P fibers and from that
excited by 568 nm in the same fibers. For the Ge/F fibers there is a rough correspondence
between the concentration of the 680 nm center and fiber loss. Kashiwazaki et al. have
reported a 680 nm emission band for Ge-doped silica VAD preforms and attributed it to a

complex of Ge2 +

and hydrogen [15]). However, Figure 15 contradicts their conclusion
since it shows that, at least for the Ge/F fibers, the concentration of the responsible center

is decreased by incorporating hydrogen into the glass.

The position and intensity of the 680 nm band is sensitive to the excitation wave-
length for both fiber compositions. Over the range examined, 470 nm<)\ex< 530 nm, this
band increases in intensity and shifts to shorter wavelength as A, is moved to shorter
wavelength. The intensity variation is an excitation efficiency effect resulting from the
overlap of the excitation wavelength and the absorption band of the center. The depen-
dence observed indicates that the peak of the absorption band lies <470 nm. This is in
agreement with Kashiwazaki et al. who report 465 nm as the peak of the photolumines-
cence excitation spectrum for the 680 nm band they observe in Ge-doped silica pre-
forms [15]. The band shifting is illustrated in Figure 16 for one of the Ge/F fibers. All the
peaks have been normalized to full scale to facilitate spectral comparisons. The shift of the

peak position is in the same direction as the change in A indicating an extremely inho-

mogeneoaus distribution of sites for this center. This mea:sxthat each particular center has
a slightly different local environment which translates into a different absorption and emis-
sion spectrum. Changing )‘ex alters the set of centers that is most efficiently excited and
the shift in the peak of the emission spectrum reflects this new distribution of excited cen-
ters. Although this inhomogeneous effect is observed for both fiber compositions, there is

a difference at longer excitation wavelengths. As A,, is increased beyond =530 nm for
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Figure 14: Comparison of luminescence spectrum prior to photobleaching for Ge/P-co-
doped fibers, Aex=482 nm. Sharp structure at left is Raman scattering which was used to

provide an absolute comparison of intensities.

the Ge/F fibers, the 680 nm band continues to shift to longer wavelength and decrease in
intensity until it becomes the 720 nm band observed for A, =568 nm. As Aay is increased
beyond =530 nm for the Ge/P fibers, however, this band disappears and is replaced by the
narrower 650 nm band. From these observations we believe that both the 720 nm and the
680 nm bands are due to the same general class of color center. The particular complex
emitting at 720 nm, however, has been perturbed (possibly by fluorine) so that it absorbs
and emits at longer wavelengths. This would be an extreme example of the inhomogene-

ous broadening mechanism outlined above.
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Figure 15: Comparison of luminescence spectrum prior to photobleaching for Ge/F-co-
doped fibers, Aex=476 nm. Weak features at =500 nm are Raman scattering which was

used to provide an absolute comparison of intensities.

3.2.3 Photobleaching Results

Prolonged excitation at short wavelengths (460 nm <A< 530 nm) produced significant
changes in color center populations for all fibers, including the as-drawn sample. This pro-
cess was observed through changes in the photoluminescence spectra, but also mani-
fested itself as photobleaching in the irradiated fibers. Although the fiber samples used for
the luminescence investigation were too short to permit the loss spectrum to be remea-
sured, the photobleaching was readily observed through visual inspection of the highly

darkened Ge/P fibers. This photoconversion process occurs through the photoionization
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Figure 16: Shift in position of luminescence spectrum as a function of A,, for the Ge/F-co-
doped fiber that was hydrogen treated prior to irradiation. All spectra were measured
before photobleaching except for the indicated A,, =568 nm spectrum which is provided

for comparison purposes.

and retrapping of electrons and holes at existing defect centers. For all samples, including
the as-drawn fiber, it was found that short wavelength exposure significantly reduced the
intensity of the 680 nm band, indicating that the wavelengths effective at exciting the
responsible center also destroy it. Noguchi et al. have reported that the defect band they
observe at =660 nm for hydrogen treated fiber is also bleached by blue excitation [16).
This supports our view that this is the same color center. In contrast, Figure 17 illustrates
the effect of photobleaching on the defect band at 650 nm for the Ge/P as-drawn fiber.

Prior to the short wavelength exposure there had been no significant emission at 650 nm.
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Figure 17: Comparison of luminescence spectrum before and after photobleaching for as-
drawn Ge/P fiber, A,, =568 nm. The sharp structure at left is Raman scattering which was

used to provide an absolute comparison of intensities.

Afterwards the luminescence band has become noticeable although still much less intense
than the Raman scattering. For all fibers examined this luminescence is considerably
stronger following photobleaching, implying an increase in concentration of the center
responsible for the 650 nm band aithough the fiber loss has been significantly reduced. A
similar effect has been reported for Ge-doped fibers which were subjected to ultraviolet
{350-370 nm) excitation [17). Our observaticns establish that this photoconversion process
is significant for blue light as well {9,10]. Figure 18 shows that the effect is even more pro-
nounced for the Ge/P fiber that had been hydrogen treated prior to irradiation. Short wave-

length exposure also increase the concentration of 650 nm center in the Ge/F fibers. In
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Figure 18: Comparison of luminescence spectrum before and after photobleaching for
Ge/P fiber treated with hydrogen prior to irradiation, Aex=568 nm. The sharp structure at

left is Raman scattering which was used to provide an absolute comparison of intensities.

fact, only subsequent to photobleaching is this band clearly observed for these fibers. This
effect is illustrated in Figure 19 for the fiber that was irradiated without hydrogen treatment.
It is apparent that not only has the 650 nm band been increased by the short wavelength
exposure, but the 720 nm band has been reduced. This effect can also be seen in the
Aex-dependence of the luminescence illustrated in Figure 16. After photobleaching, the
720 nm emission band has been largely replaced by the 650 nm band for the Ge/F fiber.
This is consistent with our interpretation of the 720 nm center as a perturbation of the cen-
ter responsible for the 680 nm band, which is similarly photobleached. Figure 20 shows
how the 650 nm band is, in turn, bleached by 568 nm excitation. This process, however,
does not lead to the regeneration of the center responsible for the 680 nm band.
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Figure 19: Comparison of luminescence spectrum before and after 450 mW-+hr photobleach
at 488 nm for Aex=568 nm. The Ge/F fiber had been previously irradiated to 20 krad with-
out hydrogen treatment. The sharp structure at left is Raman scattering which was used to

provide an absolute comparison of intensities.

These results provide further evidence for our conclusion that there are at least two
distinct defect centers absorbing in the visible spectral region. The 650 nm luminescence
band has been reported in the literature; the nature of the center responsible is still a sub-
ject of controversy although most authors agree that it is associated with the NBOHC. The
bleaching of this center is a new result arising from this investigation. Although we have
not yet identified the defect band at 680 nm, our measurements contradict the assignment

2+

of Kashiwazaki et al. who propose that it is due to a complex of Ge and hydrogen [15].

The evidence is persuasive that it is the same for both tiber compositions we investigated,
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Figure 20: Photobleaching of 650 nm defect band by indicated amounts of 568 nm excita-

tion, A, =568 nm. This is the same Ge/F fiber used for Figure 19. The sharp structure at

left is Raman scattering which was used to provide an absolute comparison of intensities.

Ge-doped silica [15], and hydrogen-treated Ge-doped and Ge/P-codoped silica [16]. This
center appears to be present at a greater concentration in the Ge/F fibers than in the Ge/P
fibers. On the other hand, there seems to be a greater number of the 650 nm defects in
the Ge/P fibers. The luminescence spectra of Ge/F-codoped fibers for Aoy =568 nm differ
from from those of Ge/P-codoped fibers in showing the presence of the 720 nm centers and
fewer of the 650 nm defects. The former center we tentatively attribute to perturbations of
the 680 nm defect that emit and absorb at longer wavelengths than the majority of the cen-

ters. it is possible that fluorine ions are responsible for the perturbation.
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4. RECOMBINATION CENTER APPROACH

The basis of the recombination center approach is to provide trapping centers for the
electrons and holes generated by the ionizing radiation. These centers need to capture
both an electron and a hole which then recombine, freeing the center to repeat the sca-
venging process. If these centers can compete successfully with deleterious precursor
defects for the electrons and holes, they may suppress color center formation. The stan-
dard procedure is to dope the preform with one of the multivalent ions (e.g., arsenic, anti-

mony, cerium) used to reduce solarization of glass.

To investigate the role of recombination centers in reducing the radiation hardness of
optical fiber, we developed special deposition techniques for incorporating cerium into opti-
cal fibers using an MCVD preform fabrication system. The relatively volatile Ce organic
complex Ce(fod), was selected as the starting material. The abbreviation fod stands for
tetrakis 6,6,7,7,8,8,8-heptafluoro-2,3-dimethyl-3,5-octanedione. This compound had previ-
ously been used for cerium doping using an outside deposition process [18]. In our imple-
mentation, its vapor was transported directly downstream into the reactant flow and subse-
quently reacted to form the cerium dopaat in the hot zone. Several Ge/Ce-codoped fibers

with different Ce concentrations were fabricated using this technique.

The first step was the synthesis of Ce(fod), in our laboratories. The complex was
then dissolved in acetone and placed in a special enlarged section of the substrate tube
located upstream from the primary deposition zone. The solvent was completely removed
by purging with dry nitrogen overnight. During the core deposition passes, the reservoir
was heated to ®200°C by heat guns to produce Ce(fod)4 vapor, which was transported to
the hot zone by oxygen with which it then reacted to form soot for the Ge/Ce-codoped core.

The preform core was observed to be colorless. However, when it was excited by a

uv source, the core fluoresced a blue/green color, indicating the presence of Ce3+

Absorption measurements on preform slices revealed broad absorption bands at 320 nm

3+ and Ce4+. respectively [19]. It should be noted that

the assignment of these absorption bands to the corresponding Ce valence states was

and 240 nm characteristic of Ce

reversed by the authors of Ref. 18. Spark source mass spectrographic analysis indicated
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the Ce concentrations ranged from 100 to 300 ppm by weight, depending upon the flow

rates of the reactants and the temperature of the Ce(fod)4 reservoir.

The loss spectrum of the fiber prior to irradiation showed a hydroxyl level of 1 ppm,
which was much higher than that of our standard fibers without Ce. Both hydroxyl and
other impurities may be related to the decomposition of Ce(fod)4 at high temperatures, par-
ticularly since the hydrogen in this compound has not been completely replaced by fluo-
rine. Attempts to dehydrate the doped preform before sintering failed because of the insta-
bility of Ce(fod), in Cl. The contamination caused by the decomposition as well as the

reaction with Cl has so far prevented the fabrication of low loss fibers.

Figure 21 illustrates the loss spectrum of a Ge/Ce-codoped fiber before and after an
18 krad irradiation. This fiber showed relatively poor radiation resistance. However, it is
not known if this is because Ce doping itself introduces additional defects or whether it is
due to the hydroxy! and other impurities introduced by the doping process. Because the
recombination center approach is fraught with such difficulties and uncertainties, we
decided to abandon it after the Exploratory Phase and concentrate on the technical
approaches that yielded better results.
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Figure 21: Comparison of loss spectrum before and after irradiation for Ge/Ce-codoped
fiber.
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Abstract

We have treated optical fibers in different hydrogen environments to examine the effect of hydrogen treatment
on radiation hardness of optical fibers. Both radiation-induced loss and hydrogen-induced loss are related to defect
center formation in optical fibers. We have investigated the effects of treatment conditions on defects produced by
drawing and v-irradiation using the techniques of spectral attenuation, Raman scattering, and photoluminescence.

Using Ge/P-codoped multimode optical fibers, we observed considerable reduction in the radiation-induced
absorption at long wavelengths (A > 1 um) for hydrogen-treated fibers. Post-treatment of irradiated fibers by hydragen
can also reduce existing radiation-induced absorption significantly and increase the hardness of the fibers under sub-
sequent irradiation. For Ge/F-codoped multimode fibers, hydrogen treatment has also shown its effectiveness in
enhancing radiation hardness. The pretreated fibers show =15% improvement at 850 nm in radiation resistance over
untreated fibers. Varying the hydrogen treatment and irradiation history of the fiber had little effect upon the Raman
spectrum. However, significant trends were found in the behavior of the photoluminescence. Emission bands in the
600-900 nm spectral region have been found to have intensities which depend upon fiber history.

We attribute the improvement in radiation resistance to the passivation of precursors or defects in the optical fiber.
Treatment with hydrogen converts certain types of defects into types which do not form deleterious color centers after
irradiation. This defect-conversion interpretation is supported by the photoluminescence measurements which reveal
variations in color center concentrations with hydrogen treatment, y-irradiation, and optical excitation.

Introduction

Radiation-induced loss in glass is due to color centers which form when existing defects trap the electrons and
holes generated by ionizing radiation. One method to prevent defects in as-drawn fiber from capturing carriers and
forming color centers is to transform them into benign defects which do not absorb in the spectral region of interest.
This approach has already been exploited in reducing radiation damage in bulk vitreous silica through the use of
hydrothermal treatment.! The effect of water is to transform an E’ defect and a nonbridging oxygen into two neutral
silanol groups. Similar studies indicated that fibers with high hydroxyl content were less prone to damage at short
wavelengths, although excessive hydroxyl absorption was observed at long wavelengths.2 Recently there have been
many studies on increases of optical attenuation in optical fibers due to hydrogen permeation.?® This loss increase
phenomenon is associated with the diffusion of hydrogen to the fiber core and subsequent chemical reactions with
structural defects in the glass to form OH species and new defect centers. To test the applicability of hydrogen treat-
ment in defect passivation, we have compared the radiation resistance of a treated fiber with that of an untreated
length of the same fiber. In addition to spectral attenuation measurements, Raman scattering and photoluminescence
investigations have been undertaken to identify specific centers. Although Raman scattering was found to be
insensitive to the centers of interest, photoluminescence has proven to be an effective tool. Using the latter technique,
significant differences were found among fibers subjected to different treatments.

Hydrogen treatment
Ge/P-codoped fibers

In the first experiment we treated a 250-m-long section from a Ge/P-codoped, graded-index optical fiber. This piece
was placed in an atmosphere with a hydrogen partial pressure of 0.06 atm at 70°C for 7 days. After the treatment,
dissolved hydrogen was evacuated from the fiber. The hydroxyl concentration increased from 73 ppb to 115 ppb.
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Portions of the hydrogen treated fiber and an untreated control fiber were irradiated using the 6°Co source at RADC
to a total dose of =5 krad. Figure 1 shows the loss spectra from 800-1600 nm for the treated and untreated fibers after
irradiation. The high loss at shorter wavelengths is expected for a phosphorus-doped optical fiber.* These measure-
ments reveal a clear difference between the treated and untreated fibers which increases with increasing wavelength
(Figure 1). The attenuation (dB/km) is =20% lower for the hydrogen-treated fiber at 1600 nm.

In the second experiment we treated fibers in an atmosphere with a hydrogen partial pressure of 0.86 atm at 65°C
for 7 days to observe effects of higher hydrogen partial pressure and hydrogen post-treatment on radiation-induced
losses. Three samples were selected for the hydrogen treatment: both of the irradiated fibers from the first exreriment
and a piece of the as-drawn fiber. Figure 2 shows the loss spectra of the irradiated fibers after the hydrogen post-
treatment. The data reveal a dramatic recovery in attenuation to 10-25 dB/km at 1100 nm, and 20-30 dB/km at
850 nm. All treated fibers and a control sample were subjected to =5 krad v irradiation. Figure 3 compares the loss
spectra after irradiation with and without the hydrogen treatment. We observe on the order of 50 dB/km less induced
attenuation at long wavelengths (A > 1 um) for a hydrogen-treated fiber. This 1s significantly better than results from
the first experiment and is attributed to the use of a higher hydrogen partial pressure. We also observed improvement
in radiation hardness as a result of postirradiation hydrogen treatment. Post-treatment of irradiated fibers by hydrogen
can reduce existing radiation-induced absorption (see Figure 2) and increase the hardness of fibers under subsequent
irradiation. Figure 4 shows the loss spectra after a second irradiation for post-treated fibers. Note that there is little
difference between two post-treated fibers and the overall loss is lower than that shown in Figure 3. Short sections
of fibers from this study were subjected to Raman scattering and photoluminescence investigations.

Ge/F-codoped fibers

To evaluate the effect of hydrogen treatment for fibers with greater radiation resistance, we chose two Ge/F-
codoped optical fibers which had been designed for an investigation of core/clad inteifacial stress. In this investiga-
tion, the fiber with high core/clad interfacial stress was designated HA while that with low stress was designated LA.
Both fibers have similarly low radiation sensitivities, as illustrated in Figure 5 for fiber LA. Two 250-m sections of fibers
HA and LA were treated in 4 atm hydrogen at 50°C for 10 days. After hydrogen pretreatment, fiber HA showed an
increase of 18 ppb in hydroxy! concentration, while fiber LA showed very little change in hydroxyl concentration. The
different behavior in reaction with hydrogen between these two fibers is believed to be due to the stress difference.
Both treated fibers were irradiated at RADC to a total dose of =18 krad. Figures 6 and 7 compare loss spectra before
and after irradiation for hydrogen-treated fibers HA and LA, respectively. Table 1 summarizes the induced loss results
for fibers with and without hydrogen treatment. These measurements demonstrate that hydrogen treatment is effec-
tive in enhancing radiation hardness even for fibers with low radiation sensitivity. The treated fibers show =15%
improvement at 850 nm in radiation hardness over untreated fibers.
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Figure 1. Loss spectra of fibers with and without Figure 2. Loss spectra of fibers re-treated (0.86 atm, 65°C,
hydrogen pretreatment (0.06 atm, 70°C, 7 7 days) after irradiation. Lower curve: with
days) after 5 krad dose. hydrogen pretreatment (0.06 atm, 70°C, 7 days).

Upper curve: without hydrogen pretreatment.
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Figure 3. Loss spectra after 4.6 krad dose for fibers with
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Figure 5. Loss spectra of low stress fiber LA before and
after irradiation.
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Figure 7. Loss spectra of hydrogen pretreated low stress
fiber LA before and after irradiation
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Figure 4. Loss spectra after a second 4.6 krad dose for
fibers treated with hydrogen (0.86 atm, 65°C,
7 days) following first irradiation. The upper
curve is the fiber which was treated prior to
the first irradiation (0.06 atm, 70°C, 7 days).
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Figure 6. Loss spectra of hydrogen pretreated high
stress fiber HA before and after irradiation.

Table 1
Radiation-induced loss for hydrogen treated
and untreated fibers

Radiation-Induced Loss
Fiber Hydrogen (dB/km/krad)
Designation | Treatment 850 nm 1300 nm
HA No 1.55 0.03
HA Yes 1.28 0.08
LA No 1.51 0.11
LA Yes 1.29 0.04
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Photoluminescence and Raman scattering

The radiation-induced loss measurements, which are the primary characterization too}! used in this program, are
generally not selective enough to identify the specific centers which are responsible for the absorption. In order to
obtain a more selective technique for this purpose, we have explored the use of Raman scattering and photo-
luminescence to identify specific color centers and precursor defects in fibers and correlate their concentrations
with preform composition and fiber processing.

Three of the phosphorus-doped fibers discussed !
above were investigated. These were a pristine as-drawn
fiber, a fiber which was irtradiated without pretreatment,
and a fiber which was hydrogen treated and then irradi- i
ated. Raman scattering was performed on these fibers J
using laser excitation at wavelengths ranging from 482- /
676 nm. However, it was found to be relatively insensi-
tive to the defects of interest, and no variations could be
found among the fibers or as a function of wavelength for
a given fiber. Photoluminescence was found to be a very
sensitive probe of defect centers, and significant differ- lRR:gl:TEO
ences among the fibers were detected. Figure 8 com- b pRETREAszsNT
pares the luminescence band at 650 nm for the three | AS DRAWN
fibers before they were subjected to short wavelength U\ ’ ;

A < 630 nm) excitation. This emission band and an L —L e e e
(associated a:)sorption band near 630 nm have been re- 600 650 700 750 800 850
. . . WAVELENGTH (nm)
ported on by several authors who attribute it to drawing-
and/or radiation-induced centers.5 To make an absolute
comparison of intensities, the emission spectra were
scaled by equalizing the intensities of the Raman scatter-
ing for the different fibers. Luminescence is not detect-
able for the pristine fiber but is prominent for the
irradiated fibers, being even more intense for the fiber
which had been hydrogen treated before irradiation.
Since the latter fiber also exhibited lower losses at wave-
lengths >1 um (lower curve in Figure 3), this inverse
relationship to radiation-induced loss implies that this
center is not responsible for the induced long wavelength loss in these fibers. Moreover, it appears that hydrogen treat-
ment prior to irradiation can convert defects which will result in long wavelength losses into the more benign defects
whach are transformed into this luminescent center when irradiated.

IRRADIATED AFTER
H, TREATMENT

INTENSITY

Figure 8. Comparison of luminescence intensity prior to
excitation at 482 nm for fibers subjected to dif-
ferent treatments. The excitation wavelength
was 568 nm. The sharp structure at left is
Raman scattering which was used to scale the
intensities for the different fibers.

Prolonged excitation at short wavelengths (A < 530 nm) produced significant photobleaching in the irradiated
fibers, which was observed through visual inspection. This occurs through photoconversion of centers, which is also
observed through changes in photoluminescence intensity for all fibers, including the unirradiated fiber. Figure 9
illustrates this phenomenon for the latter. Prior to short wavelength exposure there had been no significant emission
at 650 nm when excited at 568 nm. Afterwards the luminescence band has become noticeable although still much less
intense than the Raman scattering. Figure 10 shows the same effect for the fiber which had been hydrogen treated
prior to irradiation. The luminescence is considerably stronger, implying an increase in concentration of the center,
although the fiber loss has been significantly reduced by photobleaching.

Photoconversion of defects is a well-known phenomenon in insulators, and its manifestation as photobleaching
has been extensively studied in fibers. This investigation has provided additional evidence that radiation-induced loss
can be reduced by defect conversion (passivation) before, as well as after, irradiation. The center responsible for the
650-nm luminescence band is an example of a relatively benign defect which can be formed by hydrogen treatment
from more deleterious defects.
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Summary

In conclusion, we observed an improvement in radiation hardness for hydrogen-treated Ge/P- and Ge/F-codoped
fibers. Treatment with hydrogen converts certain types of defects into defects which do not form deleterious color
centers when irradiated. This defect conversion interpretation is supported by the photoluminescence measurements.
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ABSTRACT

We have investigated the relationship of precursor defects in as-drawn optical fiber to
glass composition and processing conditions in order to understand the radiation sensitivity
of doped-core optical fiber. Techniques are reported for improving the radiation hardness of
graded-index multimode fibers through reducing the concentration of doping- and
processing-induced defects as weil as modifying the residual defects in as-drawn fiber.
Significant decreases in radiation-induced loss have been observed for fibers pretreated with
hydrogen. An investigation of the role of drawing-induced defects indicates that a lower
draw temperature produces slightly harder fiber. A study of core/clad interfacial stress
revealed that such stress does not play a major role in radiation sensitivity.

Measurement techniques included in situ loss measurements at 850 nm and spectral
loss measurements before and after 7 irradiation. In addition, photoluminescence proved to
be an effective tool for characterizing specific defect centers. It was found for Ge ‘P-codoped
fibers that the luminescence band at 650 nm attributed to drawing/radiation induced
centers has an inverse correlation with induced loss. Previously unreported emission bands
have been observed, including one at 720 nm which may be related to fluorine doping.

INTRODUCTION

The objectives of this investigation are to determine what influences the radiation
sensitivity of doped-core optical fiber and test these conclusions by fabricating fiber with
improved radiation resistance. For v irradiation at the dose levels under consideration
[< 25 krad (Si)], induced absorption is due to color centers which form when pre-existing
defects in the glass trap the electrons and holes generated by ionizing radiation {1]. This
suggests approaches to improving radiation resistance based upon the principles of reducing
the concentration of doping- and processing-induced defects as well as passivating residual
defects in as-drawn fibers. In the former category are variations in dopants, doping levels,
draw parameters, and composition profile (core/clad interfacial stress). In the latter
category falls postfabrication modification of deleterious defects in the fiber by techniques
such as hydrogen treatmeat.

Graded-index multimode fibers with nominal core diameter of 50 um and NA of 0.2
were drawn from preforms fabricated by the MCVD process. The fibers were irradiated
under steady-state conditions at a dose rate of =300 rad/min using the %Co source at
RADC. The primary experimental tool was the measurement of radiation-induced loss in
the fibers, including in situ monitoring at 850 nm and postirradiation spectral measurement.
Differential mode attenuation (DMA) was applied to examine the effect of core/clad
interfacial stresses. More selective techniques such as Raman scattering and
photoluminescence were also used, and the latter demonstrated particular promise for
characterizing defect centers in optical fibers. All measurements and irradiations were
performed at room temperature.

DEFECT REDUCTION

Reducing the concentration of precursor defects in the as-drawn fiber decreases the
amount of color center absorption induced by irradiation. It is well known that the types
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concentrations of dopants strongly influence the radiation seasitivity of glass due to
associated defects or changes in electron/hole affinities. In particular, phosphorus doping
leads to high steady-state losses ‘2] while fluorine doping is much less deleterious Gozen et
al., have reported higher losses for Ge/F-codoped fiber than Ge-doped fiber 3. while
Shibata and Nakahara claim codoping with fluorine improves radiation resistance 4'. We
found Ge-doped and Ge/F-codoped fibers to be comparable in hardness. Other potential
sources of defects include preform processing and fiber drawing. Fluorine-doped fiber was
used to investigate the role of two sources of fabrication-induced defects: drawing stress 5’
and core/clad interfacial stress. By varying furnace temperature and draw speed. the effect
of draw parameters on radiation-induced absorption was evaluated. We also fabricated two
preforms with different core/clad interfacial stresses to assess the impact of
thermomechanical stress on radiation hardness.

Drawing-Induced Defects

To investigate the influence of drawing conditions, four fibers were drawn from a
Ge/F-codoped preform at two different values each of temperature and speed designed to
vary the induced defect concentration among these fibers. The two temperatures differed
by 55°C. Table | summarizes the draw parameters and radiation-induced loss data on
these fibers.

Table I. Summary of results for the investigation
of drawing parameters

Fiber Temp. Draw Parameters Radiation-Induced Loss
Designation Temp. Speed (m/s) Tension (g) at 1000 nm  at 1300 nm
A low 0.5 25 0.39 010
B low 1.0 50 0.41 0.01
c high 0.5 14 0.55 0.17
D high 1.0 25 0.56 0.21

Overall, the fibers drawn at the lower temperature and speed showed shghtly lower
radiation-induced loss at wavelengths > 1000 nm. [t is generally believed that fiber drawn
at a lower temperature has a lower fictive temperature and, consequently. a lower defect
concentration. This is in agreement with our experimental results. The influence of draw
speed is less clear and further study over a broader range will be needed to clarify it.

Stress-Induced Defects

Thermomechanical stresses arise in optical fiber because of the different thermal
characteristics of core and cladding glasses. To cxamine the effect of core clad interfacial
stress, we prepared two matched-clad preforms with the same Ge ‘'F core composition but
different cladding compositions. The first one had a pure silica cladding and provided a
high core/clad stress. The second minimized the core,clad stress through the use of a
Ge/F-codoped cladding matched to the refractive index of pure silica. Electron microprobe
results confirmed that high concentration gradients for both Ge and F exist across the
core/clad interface in the first preform, in contrast to slowly varying profiles for the second
preform. The preforms were drawn into fibers using two draw speeds. Fibers designated
HA and HB were drawn from the preform with a high core,clad stress, while fibers
designated LA and LB were drawn from the low stress preform. Table Il summarizes results
on radiation-induced loss for these four fibers and reveals a slight reduction in loss at
850 nm for fibers with a low core/clad stress.

To further clarify the stress effect, the DMA technique was applied to monitor the
induced attenuation of specific groups of modes. Figures 1 and 2 show DMA results at
1300 nm for fibers of high and low stress, respectively. In general, the DMA value is higher
for the higher modes Before irradiation the stress causes a steady increase in attenuation
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Fig. 2. Compatison of DMA results before and after 20 krad irradiation for fibers
drawn from low stress preform.

with increasing mode number. For a low stress fiber the increase is slight and gradual
After irradiation, we do not observe any significant difference in DMA between fibers with
different stresses. Since the spectral loss measyrements used mode filters to eliminate the
higher modes, the DMA data do not correlate well with the loss measurement.

Table Il. Summary of Results for the
Investigation of Stress Reduction

Fiber Draw Speed  Radiation-Induced Loss  {dB/km/krad)
Designation (m/s) at 850 nm at 1300 nm
HA 0.5 1.55 0.03
HB 10 1.55 014
LA 0.5 1.51 0.11
LB 1.0 1.29 0.07
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The DMA results suggest that stress introduces defects only near the core clad
interface, resulting in higher attenuation for higher modes. Since the higher modes do not
propagate a great distance in a fiber, stress reduction may not contribute significantly to
radiation hardness. Moreover, the absence of significant differences in the radiation-induced
attenuation of the higher modes implies that the stress-related defects are either not great
in number of not sensitive to ~ radiation.

HYDROGEN TREATMENT

An approach to preventing the residual defects in as-drawn fiber from forming
deleterious color centers is to convert them into benign defects prior to irradiation  The
latter are defects which do not form centers with significant absorption in the spectral
region of interest when irradiated. Since hydrogen is known to react with defects in fibers
i6], the effects of hydrogen treatment on defect modification and the consequent radiation
hardness of optical fibers have been examined 7]. This was done by comparing the
radiation hardness of a treated fiber with that of an untreated fiber drawn from the same
preform. Both Ge,/P- and Ge/F-codoped fibers were investigated, and an improvement in
radiation resistance was observed for both types. Photoluminescence was used to obtain
additional insight into the distribution of defects as a function of fiber history.

Ge/P-codoped Fibers

A section of Ge/P-codoped fiber was treated in an atmosphere with a hydrogen partial
pressure of 0.86 atm at 65°C for 7 days. Both treated and untreated fibers were then
irradiated to a total dose of =~ 5 krad. Figure 3 compares the loss spectra after irradiation
for fibers with and without the hydrogen treatment. For hydrogen-treated fiber, an
improvement of =50 dB/km is observed in the induced attenuation at long wavelengths
(N> 1 pm).

To identily specific color centers and precursor defects, sections of fiber 0.5-3m in
length from the above study were subjected to photoluminescence investigation. They
included an as-drawn fiber, a fiber irradiated without pretreatment. and a fiber which was
hydrogen treated and then irradiated. Photoluminescence was found to be a sensitive probe
of the color center population, and significant differences were detected among these fibers.
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Fig. 3. Loss spectra after irradiation for fibers with and without hydrogen
pretreatment (0.86 atm, 85°C, 7 days).
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Figure 4 compares the luminescence intensity excited at h,, = 568 nm for these three fibers
prior to short wavelength (A < 530 nm) photobleaching The comparison of intensities was
rendered ahsolute by normalizing the luminescence intensity to the 1060 cm™! Raman line
of silica. The 650 nm emission and a corresponding absorption band at 630 nm are induced
by both the drawing process and irradiation. They have been variously attributed to the
nonbridging oxygen hole center (NBOHC) '8 or a composite of the NBOHC and a
nonparamagnetic electron trap 9. This center has no significant emission for the as-drawn
fiber but is prominent for the irradiated fibers, being even more intense for the fiber which
had been hydrogen treated before irradiation. For the irradiated fibers. Figure 4 reveals an
inverse relaiionship between radiation-induced loss at wavelengths >1 um (Figure 3) and
the concentration of the center emitting at 650 nm. implying that this center is not
primarily responsible for the induced long-wavelength loss in these fibers. Moreover, it
appears that hydrogen treatment can convert defects which will result in long wavelength
losses into less deleterious defects such as the 650 nm center. For blue excitatisn (\,, <
500 nm), the 650 nm emission band is replaced by a hroader. more intense band peaking at
2680 nm which has not been previously reported. This second luminescence band is clearly
attributable to 2 second type of color center based upon the differences in excitation and
emission spectra as well as photobleaching characteristics

Additional evidence for the defect conversion process was obtained through a
photobleaching investigation. Prolonged excitation at short wavelengths (A < 530 nm)
produced significant photobleaching in the irradiated fibers. This occurs through
photnconversion of centers and was observed as changes in photoluminescence intensity for
all fibers, including the unirradiated fiber. Figure 5 illustrates the photoconversion effect
for the fiber irradiated without hydrogen pretreatment. The 650 nm band increases
significantly, implying an increase in concentration of the center. although the induced loss
has been reduced through photobleaching. A corresponding decrease of intensity is
observed for the blue-excited 680 nm band.

The photoluminescence investigation provides further support for the observation
that radiation resistance can be improved by defect modification following fiber drawing.
The center responsibility for the 650 nm band is an example of a relatively benign defect
which can be formed by hydrogen treatment from more deleterious defects.

Ge/F-codoped Fibers

Doping with fluorine rather than phosphorus significantly improves the steady-state
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Fig. 4 Comparison of luminescence intensity prior to pbotobleaching for Ge P-codoped

fibers, A\,; = 568 am. Sharp structure at left is Raman scattering used to normalize
intensities.
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radiation resistance of fiber. To determine if still further improvement can be obtained
through hydrogen treatment. Ge/F-codoped fibers from the core clad interfarial stress
experiments were selected for investigation. Two sections of fibers HA and LA were treated
in 4 atm hydrogen at 50°C for 10 days and then irradiated to a total dose of =18 krad
Figure 8 compares loss spectra before and after irradiation for the hydrogen-treated fiber
LA. Similar data were observed for fiber HA. Table Il summarizes the induced lass results
for fibers with and without hydrogen treatment. The treated fibers show =13
improvement in radiation resistance at 850 nm over untreated fibers While not as
dramatic as the improvement observed for Ge. P-codoped [liber these measurements
demonstrate the effectiveness of hydrogen treatment in enhancing radiation hardness even
for fiber with low radiation sensitivity. Fluorine doping leads to a lower concentraticn of
deleterious defects than phosphorus doping and results in reduced sensitivity to radiation
Nevertheless, sufficient numbers of defects remain to provide reaction sites for hydrogen
hence the improved resistance of the treated fibers.
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Fig. 6. Loss spectra of hydrogen-pretreated low stress fiber LA before and after
irradiation.
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Table Ifl. Summary of Results (or the
Investigation of Hydrogen Treatment

Fiber Hydrogen  Radiation-Induced Loss  (dB/km/krad)
Designation  Treatment at 850 am at 1300 nm
HA no 1.55 0.03
HA yes 1.28 0.08
LA no 1.51 0.11
LA yes 1.29 0.04

Photoluminescence spectra were measured for irradiated and unirradiated samples of
fiber LA with and without the hydrogen treatment. Figure 7 compares luminescence
intensity at A,; = 568 nm for these fibers before photobleaching. A broad emission band
peaking at 22720 nm is observed for all Ge/F fibers, which is in contrast to the dominant
band at 650 nm for Ge/P fibers (Figure 4). Even for irradiated Ge, F fibers, only a shoulder
at 650 nm is observed. When the excitation wavelength is shortened, the 720 nm band
increases in intensity and shifts to shorter wavelength. Under blue excitation (A, = 476-
488 nm), this band peaks st =680 nm and is identical to that observed for the Ge/P fibers.
This suggests that a single type of center with an extremely inhomogeneous distribution of
sites is responsible for this emission for both types of fiber. As with the Ge/F 'ibers, the
680/720 nm band in Ge/F fibers is significantly bleached by blue excitation. Ouly
subsequent to photobleaching is the 850 nm band clearly observed for),, = 568 nm. This
effect is illustrated in Figure 8 for fiber LA which was irradiated without hydrogen
treatment.

The results for the Ge/F fibers add to the evidence that two distinct defect centers
absorbing in the visible are responsible for the 650 nm and 680/720 nm emission bands. The
center emitting at 680/720 nm is present at a greater concentration in the Ge /F fibers than
in the Ge/P fibers. Counversely, there seems to be a greater number of the 650 nm defects in
the Ge/P fibers. We tentatively attribute the 720 am emission band observed only for
Ge/F fibers to fluorine-perturbed sites of the 680 nm center which emit and absorb at
longer wavelengths than the majority of the defect sites.
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Fig. 7. Comparison of luminescence intensity prior to photobleaching for Ge/F-codoped
fibers.
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CONCLUSION

It is generally recognized that radiation-induced loss in optical fiber s a sensitive
function of the specific dopants used for fining and index control. Qur investigations
indicate that the types of dopants have a more significant effect upon the defect
concentration in as-drawn fiber than the processing conditions. Fluorine doping leads to
harder fiber than phosphorus doping, and photoluminescence reveals that it appears to
modify certain defects. This is consistent with a recent molecular dynamics simulation of a
Ge/F-codoped glass which found a large Ge-F affinity {10]. Techniques for reducing the
number of fabrication-induced defects have a relatively minor effect upon radiation
hardoess. However, passivation through hydrogen treatment of precursor defects in as-
drawn fiber in an effective means of reducing radiation sensitivity even for fiber with low
defect concentrations.
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ABSTRACT

We report an experimental and theoretical investigation of the effects of doping and processing on precursor defects in graded
index multimode fibers. Fabrication parameters that significantly influence radiation sensitivity have been identified. In particular,
we examined the role of fluorine doping in defect formation and its relationship to radiation sensitivity.

The experimental effort included fiber fabrication and radiation-induced loss measurements on graded index, Ge-doped core
fibers. Fluorine was added to the core and/or the cladding of test fibers. Two critical parameters, barrier layer thickness and core
dopants, have been identified and correlate with induced loss. In addition, the reproducibility of both fiber fabrication and measure-
ment with respect to induced loss has been tested and found to be excellent. Induced loss was found to be proportional to Ge
concentration in the core; however, the trend with fluorine doping was less clear.

The experimental results are consistent with molecular dynamics simulations which indicate the types and numbers of struc-
tural defects in the glasses. The simulations revealed significant difforences in defect types and concentrations among glass com-
positions that included pure silica, Ge-doped silica, and Ge/F-codoped silica. Fluorine codoping decreases the number of germanium-
related defects but increases the number of defects associated with silicon.

1. INTRODUCTION

At moderate dose levels, radiation-induced loss in glass occurs when existing defects form color centers by trapping electrons
and holes generated by ionizing radiation.! Reducing the concentration of defects in the as-drawn fiber should reduce the amount
of color center absorption following irradiation. Accordingly, identifying and controlling the major sources of defects is a promis-
ing approach to more radiation-resistant fiber.2 The underlying principle is to alter the fiber composition, design, or fabrication
process in order to minimize the number of precursor defects in the as-drawn fiber. The most important step is then the identifica-
tion of which of the above parameters significantly influence radiation sensitivity. Two critical parameters, barrier layer thickness
and core dopants, have been identified and correlated with induced loss. In support of these findings, the reproducibility of both
fiber fabrication and measurement with respect to induced loss has been tested.

The experimental investigations are being supplemented with molecular dynamics (MD) simulations of the glass to determine
the types of defects and their concentrations. This involves computer generation of glass structures which are then analyzed to
identify defects. The objective of the MD simulations is to establish the correlation between structural defects and the dopants
used either to modify the index of refraction or to reduce the defect concentrations.

2. PROCEDURE

Graded-index multimode fibers with nominal core diameters of 50 um and numerical apertures of 0.2 were drawn from preforms
fabricated by the MCVD process. Both Ge-doped and Ge/Fe-codoped fibers have been prepared. The fibers were irradiated under
steady-state conditions at a dose rate of 300 rad/min using the 8°Co source at RADC. The primary experimental tools were pre-
irradiation and postirradiation spectral measurements. More selective techniques such as Raman scattering, photoluminescence,
and photobleaching were also used to characterize specific defects in optical fibers. The optical investigations have been reported
previously? and will not be discussed here.

Molecular dynamics simulations were done by calculating the pairwise interionic forces of a large array of ions. The net force
on each ion was then used to determine its velocity and position slightly later in time. The new positions were used in tum to
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recalculate the interionic forces. This process was iterated until an equilibrated structure was reached. The equilibration temperature
was 6000 K, which provided the ions with congiderable mobility and resulted in thorough mixing in a very short period of time.
After equilibration, the glass was cooled to room temperature by removing kinetic energy in several steps, i.e., slowing the ions.

The program used to generate the glasses required empirical parameters that characterize the interionic forces for each of the
species. These parameters were chosen by adjusting their values until the average interionic distances agreed with experimental
values. The array was limited to 180 ions to make the computational problem tractable. Because of the small sample size, accurate
statistics were obtained using mulitiple configurations of the same basic cell. The location of each ion in each configuration was
saved and separate computer programs were used to analyze the structure.

3. INVESTIGATIONS OF PROCESS- AND DOPING-RELATED DEFECTS
3.1. Reproducibility of fiber drawing and loss measurements

A major issue in any study of radiation effects is that of the reproducibility of the results. In the present investigation, the con-
sistency of the fiber drawing conditions, irradiation, and loss measurements with respect to radiation-induced loss was explicitly
examined. This was done by drawing new fibers from existing preforms from which fiber had been drawn and tested approx-
imately one year earlies. The new fibers were then y-irradiated at RADC to a nominal dose of 20 krad, and the induced losses
were compared at 850, 1000, and 1300 nm (Table 1). In the fiber designation column, the number 1 or 2 indicates the first or second
fiber drawing, respectively. The induced losses for two fibers drawn from the same preform are nearly identical except at 1300 nm,
where the values are too low for accurate measurements.

Previous experiments had established that, within the range investigated, drawing conditions have a relatively minor effect
upon radiation hardness.2 Taken together, these results indicate that preform composition (including intentional dopants and uninten-
sional impurities) is more important than processing conditions in determing radiation sensitivity. Indeed, the induced loss at a
given wavelength is virtually the same for all the Ge/F-codoped fibers (HA, LA, and HD). If the results for the three fibers are averaged,
one obtains 1.49 % 0.04 dB/km/krad at 850 nm, 0.33 & 0.04 dB/km/krad at 1000 nm, anc 0.06 + 0.04 dB/km/krad at 1300 nm. Fibers
LD have lower sensitivities at the shorter wavelengths but are identical to the Ge/F-codoped fibers at 1300 nm. These fibers con-
tain no fluorine in the core and have a low germanium concentration.

Table 1. Reproducibility of Radiation-Induced Loss Measurements

Fiber Radiation-Induced Loss (dB/km/krad)
Designation 850 nm 1000 nm 1300 nm
HA-1 1.55 0.30 0.03
HA-2 1.43 0.34 0.12
LA-1 1.51 0.39 0.11
LA-2 1.49 0.29 0.03
HD-1 1.50 0.34 0.05
HD-2 148 0.29 0.01
LD-1 1.03 0.24 0.07
LD-2 1.01 0.23 0.06

3.2. Effect of barrier layer thickness on radiation-induced loss

In the course of investigating the effects of fabrication parameters, we discovered that the radiation hardness correlates well
with the barrier layer thickness. Figure 1 compares the induced loss for fibers with 10 and 20 barrier passes deposited on the
inside of the fused quartz substrate tube conventionally used in the MCVD process. It is proposed that defect centers responsible
for the induced loss are associated with impurities, e.g., alkali ions, that diffuse into the core from the low-purity substrate tube.
The impurities must diffuse through the high-purity barrier layer whose thickness 18 roughly proportional to the number of barrier
deposition passes. There is evidence in the literature that suggests that alkali and aluminum ions can diffuse into the fiber core
from the substrate tube during the fabrication process.? 4 Impurities introduced in this way have been shown to increass the radia-
tion sensitivity of Ge-doped fibers.? Alkali ions are known to enter the network interstices and generate nonbnidging oxygens
for charge compensation. Aithough Figure 1 indicates that a significant reduction in induced loss can be obtained by increasing
the barrier thickness, the practical limit for such improvement remains to be determined.
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3.3 Effect of fluorine doping

The preceding discussion of the role played by impurities has a direct bearing on intentional dopants since the latter are expected
to produce similar effects. Since an index modifying dopant is essential to graded index fiber, we have addressed the question
of how dopant types and concentrations affect radiation sensitivity. Germanium and fluorine are the dopants included in this ongoing
investigation. We are particularly interested in studying fluorine as a core dopant because of the controversy surrounding its effects.
Gozen et al. have observed higher losses for Ge/F-codoped fiber than for Ge-doped fiber,® while Shibata and Nakahara have reported
that codoping with fluorine improves radiation resistance.®

As part of this investigation, we fabricated four preforms with different Ge and F concentrations in the core, including two
without fluorine. Table 2 lists the core and clad dopant concentrations as well as the radiation-induced loss data for these fibers.
The results are also illustrated in Figure 2, which indicates the expected trend of increasing induced loss with increasing Ge con-
centration in the core. However, the trend with F doping is less clear and it is not known if the variations shown are significant
or fall within the range of experimental uncertainty. Additional experiments are in progress to clarify the role of fluorine doping
in radiation sensitivity.

Table 2. Effects of Dopant Types and Concentrations on Radiation-Induced Loss

Fiber Core Ge Core F Clad F Radiation-Induced Loss (dB/km/krad)
Designation {mole %) (mole %) {mole %) 850 nm 1000 nm 1300 nm
HD 7.6 2.1 21 1.49 0.32 0.03
MD 6.5 09 21 113 0.25 0.04
LD 6.7 0 0 1.02 0.24 0.07
861117 71 0 (o] 1.49 0.29 0.06

4. MOLECULAR DYNAMICS SIMULATIONS

Five glass compositions have been generated by molecular dynamics, and three of these will be discussed. They are pure SiO,,
8iO, doped with 10 mole % GeO, (G65S54), and SiO, doped with 10 mole % GeO; and 5 anion % fluorine (F6G6). The analysis pro-
grams calculated the radial distribution function (RDF) of each type of ion pair, the probability of various types of bonds and nearest
neighbors, and the distribution of intratetrahedral and intertetrahedral bond angles. On the basis of the RDFs, definitions of nor-
mal ( -), stretched (- -), and nonexistent bonds were made.
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4.1. Radial distribution functions

The Si-O RDFs for the three glasses are shown in Figure 3. The average Si-O bond length is longer in the doped glasses than
in pure silica. The unrestricted Si-O RDFs (i.e., for all Si ions) for the Ge-doped and the Ge/F-doped glasses are virtually identical,
and only the latter is shown. For the doped glasses there are, however, restricted RDFs (i.e., subject to some condition) that are
radically different. This is illustrated in Figure 3 for the Ge/F doped glass: the Si-O RDF calculated subject to the condition that
the Si ions have a normal bond to a fluorine is compared to that for Si ions with a stretched bond to a fluorine. The most probable
Si-O bond length for Si ions that also form normal Si-F bonds is the same as that of pure SiO,. However, these Si ions form fewer
longer than average Si-O bonds than those found in pure SiO,, indicating that SiO,F tetrahedra are tightly bound. This is not
surprising since this complex has excess positive charge and less repulsion among the anions. The Si-O RDF for Si ions that form
stretched Si-F bonds shows a wide distribution of bond lengths, indicating a variety of Si coordinations.
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Figure 3. Si-O radial distribution functions for pure silica and Ge/F-codoped silica. The unrestricted RDF for Ge-doped sulica is
indistinguishable from that of the codoped glass.

When fluorine is added to the Ge-doped glass (composition F6G6), the long-distance tail of the Ge-O RDF disappears, even
though the Ge-O bond distance for Ge ions also bonded to F is greater than the average bond length for all Ge ions in any of
the Ge-containing glasses (Figure 4). The Ge-F RDF itself is quite interesting (Figure 5), showing two distinct classes of Ge-F
bonds. By examining the nearest neighbors for Ge ions in each class of Ge-F bonds, it was found that the fluorine ions that form
a normal bond with Ge are terminal or nonbridging F ions. Fluo:ine ions that form a stretched bond with Ge are bridging and
form a Ge - - F-8i unit. Overall, 16.66% of all Ge ions are bonded to one or more F ions, and 16.18% are bonded to two F ions.
This indicates a high affinity between Ge and F since only 1.16% of the Ge ions would be bonded to two fluorines if the Ge and
F ions were randomly distributed throughout the network. Moreover, approximately 85% of the Ge ions are 4-coordinated and
16% of the Ge ions are 5-coordinated, with two of the neighbors being F ions.

The effect of fluorine on the Si coordination in the codoped glass is even more complicated. The analysis indicates that 93.09%
of the Si ions are 4-coordinated, some including one F ion. 6.82% of the Si ions are 5coordinated, again some including one F
ion; and 0.09% of the Si ions are only 3-coordinated. The latter complexes may be precursors to E’ centers which would form if
a 3-coordinated Si trapped an electron at the site of the ‘missing’’ oxygen. The 5-coordinated silicons may be the simulation's
attempt to produce the peroxyl bridge, which cannot actually be generated by a calculation using ionic potentials.

4.2. Aocion environments

The coordination of the anions was examined in detail for the three glass compositions. Even in pure SiO,, a number of defects
are observed, including stretched bonds, 3-coordinated oxygens, and nonbridging oxygens (NBOs). The latter are precursors to
the nonbridging oxygen hole center which forms when the NBO traps a hole. The 3-coordinated and 1-coordinated oxygens may
represent an ionic approximation to valence alternation pairs.

The most significant difference in defect structure among the glasses 1s found 1n the total number of 3-coordinated oxygens.
In pure SiO,, only 1.03% of the oxygens are in 3-fold coordination. In the doped glasses, with only 10 mole % GeO,, the fraction
of oxygens in 3-fold coordination is more than twice as great as in pure Si0, (2.22% in G6S54 and 2.28% in F6G6). Viewing the
glass as comer-connected SiO, or GeQ, tetrahedra, one concludes that at least two stretched Si-O bonds or at least one stretched
Ge-0 bond is needed to form a 3coordinated oxygen. Garofalini has reported finding 3-coordinated oxygens in a molecular dynamics
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Figure 4. Comparnison of Ge-O radial distribution functions for Figure 5 Si-F and Ge-F radial distribution functions for Ge/F-
Ge-doped glasses. codoped silica.

simulation of pure silica, and he also observed that these are associated with stretched Si-O bonds.” A 3coordinated oxygen can:
not be shared by three regular tetrahedra; they must be distorted. For the codoped alass (F6G6), the addition of fluorine eliminates
3-coordinated oxygens bonded to Ge, as well as all stretched Ge-O bonds. The iacter is reflected in the Ge-O RDF in Figure 4.
However, the total number of 3-coordinated oxygens does not decrease significantly because of an increase in the number of oxygens
coordinated by three silicons. The effect of fluorine doping on radiation sensitivity is complex: it alters the types but not the total
numbers of 3-coordinated oxygens. This ambiguity is reflected in the experimental measurements of radiation-induced loss.

5. CONCLUSION

We have investigated the effect of defect reduction on the radiation sensitivity of graded index optical fibers. Both barrier layer
thickness and core dopants were found to correlate with induced loss. It was confirmed that Ge doping leads to greater sensitivity,
however, both experimental and theoretical results remain ambiguous as to whether fluorine doping is beneficial or deleterious.
Our study pointed out that impurities 1n the fiber are more important than the intrinsic defects induced by processing and fabrica-
tion in determining radiation sensitivity of optical fiber.
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